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We propose a mechanism to actively tune the operation of plasmonic cloaks with an external magnetic field
by investigating electromagnetic scattering by a dielectric cylinder coated with a magneto-optical shell. In
the long wavelength limit we show that the presence of a magnetic field may drastically reduce the scattering
cross-section at all observation angles. We demonstrate that the application of magnetic fields can modify the
operation wavelength without the need of changing material and/or geometrical parameters. We also show that
applied magnetic fields can reversibly switch on and off the cloak operation. These results, which could be
achieved for existing magneto-optical materials, are shown to be robust to material losses, so that they may pave
the way for developing actively tunable, versatile plasmonic cloaks.
The idea of rendering an object invisible in free space,
which had been restricted to human imagination for many
years, has become an important scientific and technologi-
cal endeavour since the advent of metamaterials. Progress
in micro- and nanofabrication have fostered the construc-
tion of artificial metamaterials with unusual electromagnetic
(EM) properties [1], which have been exploited in the de-
velopment of a variety of approaches for designing EM
cloaks and achieving invisibility. Among these approaches
one can highlight the coordinate-transformation method [2–
4] and the scattering cancelation techniques [5–12]. The
coordinate-transformation method, grounded in the emerg-
ing field of transformation optics [13], requires metamateri-
als with anisotropic and inhomogeneous profiles, which are
able to bend the incoming EM radiation around a given re-
gion of space, rendering it invisible to an external observer.
This method has been first experimentally realized for mi-
crowaves [4], and later extended to infrared and visible fre-
quencies [14, 15]. The scattering cancellation technique,
which constitutes the basis for the development of plasmonic
cloaks, was proposed in [5]. Applying this technique, a di-
electric or conducting object can be effectively cloaked by
covering it with a homogeneous and isotropic layer of plas-
monic material with low-positive or negative electric permit-
tivity. In these systems, the incident radiation induces a lo-
cal polarization vector in the shell that is out-of-phase with
respect to the local electric field so that the in-phase contri-
bution given by the cloaked object may be partially or totally
canceled [5, 6, 9]. Experimental realizations of cylindrical
plasmonic cloaks for microwaves exist in 2D [7] and 3D [10],
paving the way for many applications in camouflaging, low-
noise measurements and non-invasive sensing [6, 9].
Despite the notable progresses in all cloaking techniques,
the development of a practical, versatile cloaking device re-
mains a challenge. One of the reasons is that the operation
frequency of many cloaking devices is typically narrow, al-
though some photonic crystals with large, complete photonic
band gaps exist and could be explored in the design of wide
band cloaking systems [16]. Another reason is that the major-
ity of cloaking devices developed so far are generally tailored
to operate at a given frequency band, that cannot be freely
modified after fabrication. As a result, if there is a need to
modify the operation frequency band it is usually necessary
to engineer a new device, with different geometric parameters
and materials, limiting its applicability [6]. To circumvent
this limitation, some proposals of tunable cloaks have been
developed [17–19]. One of them is to introduce a nonlinear
layer in multi-shell plasmonic cloaks, so that the scattering
cross-section can be controlled by changing the intensity of
the incident EM field [18]. Core-shell nonlinear plasmonic
particles can also be designed to exhibit Fano resonances, al-
lowing a swift switch from being completely cloaked to being
strongly resonant [20]. Another implementation of tunable
plasmonic cloaks involves the use of a graphene shell [21].
However, most of these proposals are based either on a passive
mechanism of tuning the cloaking device (e.g., by chemically
modifying the graphene surface by carboxylation and thiola-
tion [21, 22]) or depends on a given range of intensities for
the incident excitation, as in the case of nonlinear plasmonic
cloaks [18].
Here we propose an alternative mechanism to actively tune
the operation of plasmonic cloaks with an external magnetic
field B. We show that this is feasible by investigating EM
scattering by a dielectric cylinder coated by a magneto-optical
shell. The application of B drastically reduces the differential
scattering cross-section; this reduction can be as high as 95%
if compared to the case without B. The presence of B mod-
ifies the operation wavelength without the need of changing
material and/or geometrical parameters. Besides, B could be
used as an external agent to reversibly switch on and off the
operation of the cloak. Our results are robust to material losses
and could be achieved for existing magneto-optical materials
and moderate magnetic fields, so that they might be useful for
developing actively tunable, versatile plasmonic cloaks.
In Fig. 1 we show the scheme of the system: an infinitely
long, non-magnetic cylinder with permittivity εc and radius a
coated with a magneto-optically active cylindrical shell with
magnetic permeability µ0 and radius b > a. The system is
subjected to a uniform B parallel to the cylindrical symmetry
axis. Let us consider a TM plane wave of frequency ω im-
pinging normally on the cylinder. The background medium
is vacuum. In the presence of B the shell permittivity ↔ε s is
2Figure 1. Schematic representation of the scattering system.
anisotropic; for the geometry of Fig. 1 it reads [24]
↔
ε s=

 εxx εxy 0εyx εyy 0
0 0 εzz

 =

 εs iγs 0−iγs εs 0
0 0 εzz,

 (1)
where the off-diagonal term γs has a dispersive character and
depends uponB, vanishing in its absence. EM scattering from
a coated cylinder can be analyzed with Mie theory [23, 24].
The scattering cross-section efficiency Qsc is
Qsc =
2
k0b
+∞∑
−∞
|Dm|
2, (2)
where Dm are the scattering coefficients and k0 = 2pi/λ is
the incident wavenumber. We consider the dipole approxima-
tion, i.e. k0b ≪ 1 , kcb ≪ 1 , ksb ≪ 1, where the dominant
scattering terms are m = 0 , m = ±1, and kc (ks) is the
core (shell) wavenumber. The condition for invisibility is de-
termined by imposing that each scattering coefficient vanishes
separately. In the dipole approximation,D0 is identically zero
for non-magnetic core and shell. For D−1 and D+1 to vanish,
the ratio η ≡ a/b must be
η±1 =
√
(ε0 ± γs − εs)(εc ± γs + εs)
(εc ± γs − εs)(ε0 ± γs + εs)
, (3)
where η−1 and η+1 represent the values of η that vanish D−1
and D+1, respectively.
The conditions for achieving the cancellation of D−1 and
D+1, obtained from Eq. (3), are shown in Fig. 2, as a function
of the permittivities of the inner core and of the outer cloaking
shell. In Fig. 2, blue regions correspond to situations where
either D−1 or D+1 vanish for a given γs and different ratios
η±1 (0 ≤ η±1 ≤ 1). From Fig. 2 and Eq. (3) we conclude
that it is not possible to obtain η−1 = η+1 for γs 6= 0, i.e. the
contributions of D−1 and D+1 to Qsc cannot be simultane-
ously canceled for the same η in the presence of B. However,
it is still possible to drastically reduce Qsc and, for a given η,
obtain values for the scattering cross-section that are substan-
tially smaller in the presence of B. Indeed, guided by Fig. 2
and by inspecting Eq. (3), one can choose a ratio η−1 or η+1
that vanishes the contribution of either D−1 or D+1 to Qsc,
Figure 2. Regions for which the invisibility condition (3) is satisfied
for the corresponding η±1 between 0 and 1 in the presence of off-
diagonal terms in electric permittivity, proportional to the applied
magnetic field.
respectively. As a result, a strong reduction of Qsc can be
achieved since D0 is already zero for non-magnetic materials.
In Fig. 3, Qsc in the presence of B (γs 6= 0) is calculated
as a function of η for different εc and εs. Qsc is normal-
ized by the scattering efficiency in the absence of B, Q(0)sc ,
and b = 0.01λ (i.e. dipole approximation is valid). Fig-
ure 3a corresponds to the situation where, given the param-
eters εc = 10ε0 and εs = 0.1ε0, it is possible to achieve
invisibility for η ≃ 0.92 in the absence of the magnetic field
[5]. To see this it suffices to put γs = 0 and substitute the set
of material parameters used in Fig. 3a in Eq. (3). The applica-
tion of B shifts the values of η that cause a strong reduction of
Qsc to higher values. Interestingly, by increasing B one can
not only shift the operation range of the device for η close to 1,
but also significantly decrease Qsc. Indeed, for 0.98 ≤ η < 1
the application of B leads to a reduction of the order of 50%
in Qsc if compared to the case where B = 0. This result indi-
cates that, for this set of parameters, an optimal performance
of the cloak could be achieved for very thin magneto-optical
films.
In Fig. 3b, for the chosen set of parameters (εc = 0.1ε0 and
εs = 10ε0) EM transparency also occurs for η ≃ 0.92 in the
absence of B. In the presence of B achieving perfect invisi-
bility (vanishing scattering cross-section) is no longer possible
for η ≃ 0.92, since a peak in Qsc emerges precisely for this
value of η. Physically, this peak in Qsc can be explained by
the fact that the EM response of the shell is no longer isotropic
in the presence of B; hence the induced electric polarization
within the shell is not totally out-of-phase with respect to the
one induced within the inner cylinder. The net effect is that
these two induced electric polarizations are not capable to can-
cel each other anymore in the presence of B, resulting in a
non-vanishing scattered field. The fact that the application
of B induces a peak in Qsc in a system originally conceived
to achieve perfect invisibility (in the absence of B) suggests
that a magnetic field could be used as an external agent to re-
versibly switch on and off the operation of the cloak. On the
other hand, for η . 0.9 and this set of parameters the appli-
cation of B always lead to a reduction of Qsc with respect to
Q
(0)
sc , increasing the efficiency of the cloak. For example, for
3Figure 3. Scattering efficiency Qsc (normalized by its value in the
absence of B, Q(0)sc ) as a function of the ratio between the external
and internal radii η for (a) εc = 10ε0 and εs = 0.1ε0, (b) εc = 0.1ε0
and εs = 10ε0, (c) εc = 10ε0 and εs = −1.5ε0, and (d) εc = 10ε0
and εs = 1.5ε0. Different curves correspond to different magnitudes
of the off-diagonal term of the electric permittivity γs, proportional
toB: γs = ε0 (dash-dotted curve), γs = 3ε0 (solid curve), γs = 5ε0
(dashed curve), γs = 12ε0 (dotted curve).
γs = 5ε0 and η = 0.88 it is possible to achieve a reduction
of Qsc of the order of 93% with respect to Q(0)sc ; for γs = 3ε0
and η ≃ 0.9 this reduction is of the order of 80%. These re-
sults demonstrate that the reduction of Qsc is robust against
the variation of B. For η . 0.9 the increase of B not only im-
proves the efficiency of the cloak, by further decreasing Qsc
with respect to Q(0)sc , but also shifts the operation of the device
to lower values of η. This result contrasts to the behavior of
Qsc shown in Fig. 3a for different εc and εs, where an increase
in B shifts the operation range of the cloak to higher values of
η. This means that, for fixed η, the scattering signature of the
system, and hence the cloaking operation functionality, can
be drastically modified by varying either B or the frequency
(i.e., by varying εc and εs), demonstrating the versatility of
the magneto-optical cloak.
In Fig. 3c, Qsc is calculated as a function of η for εc =
10ε0 and εs = −1.5ε0, that are values of permittivity that
preclude the possibility of invisibility for any η and B = 0.
Figure 3c reveals that for B 6= 0 a very strong reduction in
Qsc can occur for a wide range of values of η, showing that
one can drastically reduce the scattered field by applying a
magnetic field to a system that is not originally designed to
perform as an EM cloak. Indeed, for γs = 3ε0, 5ε0, 12ε0 the
reduction in Qsc ranges from 80% to 95% for 0 < η ≤ 0.5.
This result complements the one depicted in Fig. 3b, where the
presence of B was also shown to be capable to switch off the
functionality of the system as a cloak. The crossover between
these distinct scattering patterns could be achieved by varying
the incident wave frequency.
Figure 3d also corresponds to the case where invisibility
cannot occur for B = 0 (εc = 10ε0 and εs = 1.5ε0). For
B 6= 0 again there is a reduction of Qsc for η > 0.8, which
can be of the order of 50% for γs = 12ε0, further confirming
Figure 4. Spatial distribution of the scattered field Hz for B = 0
(a) and (b) B = 9T for εc = 10ε0. The incident frequency is
ω/2pi = 2.93THz and a/b = 0.6 with b = 0.01λ. Differential
scattering cross-section corresponding to the cases in (a) (blue solid
curve) and (b) (dashed red curve) is shown in panel (c). (d) Scattering
efficiency (normalized by Q(0)sc ) as a function of the frequency and B.
that the application of B to a cylinder coated with a magneto-
optical shell can switch on the functionality of the device as
an invisibility cloak.
To discuss a possible experimental realization of the sys-
tem proposed here, let us consider the existing cylindrical im-
plementation of a cloaking device described in Ref. [10], but
without the parallel-plate implants. The shell is assumed to
be made of a magneto-optical dielectric material described by
the Drude-Lorentz model [25] with realistic material parame-
ters, including losses: oscillating strength frequency Ω/2pi =
3THz, resonance frequency ω0/2pi = 1.5THz, and damp-
ing frequency Γ/2pi = 0.03THz. Drude-Lorentz permittiv-
ities are extensivelly used to describe a wide range of me-
dia, including magneto-optical materials. A particularly re-
cent example is monolayer graphene epitaxially grown on
SiC [26], where the Faraday rotation is very well described
by a anisotropic Drude-Lorentz model, with similar parame-
ters to the ones proposed here. For concreteness, we set the
device to operate around the frequency f = 2.93 THz; the in-
ner and outer radii are a = 0.6b and b = 0.01λ, respectively.
The core is made of a dielectric with εc = 10ε0, and negli-
gible losses. The spatial distribution of the scattered field Hz
in the xy plane is shown in Fig. 4. For this set of parameters
invisibility cannot occur for B = 0, and the corresponding
spatial distribution of the scattered field is dipole-like (Fig.
4a), as expected since for b ≪ λ the electric dipole term is
dominating. Figure 4b reveals that the presence of B strongly
suppresses the scattered field for all angles, further indicating
that B could play the role of an external agent to switch on and
4off the cloaking device. This result is corroborated by Fig. 4c,
where the differential scattering efficiency is calculated with-
out and with the presence of B. Figure 4c confirms that the
scattered radiation, which is initially dipole-like for B = 0, is
strongly suppressed in all directions when B is applied, even
in the presence of material losses. Figure 4d exhibits a contour
plot of the scattering efficiency Qsc (normalized by Q(0)sc ) as a
function of both B and the incident wave frequency f . From
Fig. 4d one can see that the reduction of Qsc can be as large
as 95% if compared to the case without B. We emphasize that
these findings are robust against material losses, illustrated by
the fact that we are allowing for quite typical dissipation pa-
rameters and the cloak works at the levels discussed above.
Furthermore, we checked that even for much larger dissipa-
tive systems, characterized by b = 0.1λ and b = 0.2λ, the
cross section reduction (calculated including up to the elec-
tric octopole contribution) can be as impressive as 92% and
83%, respectively. In addition, our results suggest that the ef-
ficiency of the proposed system is comparable to state-of-the-
art existing cloaking apparatuses [7, 10] with the advantage of
being highly tunable in the presence of magnetic fields. Be-
sides, Fig. 4d demonstrates that for B ≃ 15T the reduction
of Qsc of the order of 95% occurs for a relatively broad band
of frequencies, of the order of 30 GHz. Finally, the effect
of increasing B around the design operation frequency is to
broaden the frequency band for which the reduction of Qsc
induced by the magnetic field is as large as 95%.
There are dielectric materials that exhibit strong magneto-
optical activity that could be used in the design of a magneto-
optical cloak. Single- and multilayer graphene are promising
candidates, as they exhibit giant Faraday rotations for mod-
erate magnetic fields [27]. Garnets are paramagnetic materi-
als with huge magneto-optical response, with Verdet constants
as high as 104 deg./[T.m.] for visible and infrared frequen-
cies [28]. There are composite materials made of granular
magneto-optical inclusions that show large values of γs for
selected frequencies and fields in the 10-100 T range [24, 29].
These materials offer an additional possibility of tuning EM
scattering by varying the concentration of inclusions, and have
been successfully employed in plasmonic cloaks [30]. It is
worth mentioning that the magneto-optical response of typi-
cal materials, which will ultimately govern the tuning speed
of the system, is usually very fast. Indeed, magneto-optical
effects manifest themselves in a time scale related to the spin
precession; for typical paramagnetic materials this time is of
the order of nanoseconds [31]. Hence the tuning mechanism
induced by magneto-optical activity is expected to be almost
instantaneous after the application of B.
In conclusion, we investigate EM scattering by a dielectric
cylinder coated with a magneto-optical shell to conclude that
one could actively tune the operation of plasmonic cloaks with
an external magnetic field B. In the long wavelength limit we
show that the application of B may drastically reduce the scat-
tering cross-section for all observation angles. The presence
of B can also largely modify the operation range of the pro-
posed magneto-optical cloak in a dynamical way. Indeed, for
a fixed η, we demonstrate that invisibility can be achieved by
applying a magnetic field for situations where the condition
for transparency cannot be satisfied without B. Conversely,
a magnetic field can suppress invisibility in a system origi-
nally designed to act as an invisibility cloak. Together, these
results suggest that one can dynamically switch on and off
the magneto-optical cloak by applying B. In terms of fre-
quency, the application of B in a system with fixed η could
largely shift the cloak operation range, both to higher and
lower frequencies. We also show that these results are robust
against material losses and discuss the feasibility of designing
a magneto-optical cloak using existing materials and moderate
magnetic fields. We hope that our results could guide the de-
sign of dynamically tunable, versatile plasmonic cloaks, and
optical sensors.
We thank R. M. de Souza, V. Barthem, and D. Givord for
useful discussions, and FAPERJ, CNPq and CAPES for finan-
cial support.
[1] N. I. Zheludev and Y. S. Kivshar, Nature Materials 11, 917
(2012).
[2] J. B. Pendry, D. Shurig, and D. R. Smith, Science 312, 1780
(2006).
[3] U. Leonhardt, Science 312, 1777 (2006).
[4] D. Schurig, J. J. Mock, B. J. Justice, S. A. Cummer, J. B.
Pendry, A.F. Starr, and D.R. Smith, Science 312, 977 (2006).
[5] A. Alu` and N. Engheta, Phys. Rev. E72, 016623 (2005).
[6] A. Alu` and N. Engheta, J. Opt. A 10, 093002 (2008).
[7] B. Edwards, A. Alu`, M. G. Silveirinha, and N. Engheta, Phys.
Rev. Lett.103, 153901 (2009).
[8] D. S. Filonov, A. P. Slobozhanyuk, P. A. Belov, and Y. S.
Kivshar, Phys. Status Solidi (RRL) 6, 46 (2012).
[9] P. Y. Chen, J. Soric, and A. Alu`, Adv. Mater. 24, OP281 (2012).
[10] D. Rainwater, A. Kerkhoff, K. Melin, J. C. Soric, G. Moreno,
and A. Alu´. New J. Phys. 14 013054 (2012).
[11] W. J. M. Kort-Kamp, F. S. S. Rosa, F. A. Pinheiro, and C. Fa-
rina, Phys. Rev. A 87, 023837 (2013).
[12] N. A. Nicorovici, R. C. McPhedran, and G. W. Milton, Phys.
Rev. B 49, 8479.
[13] H. Chen, C. T. Chan, and P. Sheng, Nature Mater. 9, 387 (2010).
[14] J. Valentine, J. Li, T. Zentgraf, G. Bartal, and X. Zhang, Nat.
Mater. 8, 568 (2009).
[15] T. Ergin, N. Stenger, P. Brenner, J. B. Pendry, and M. Wegener,
Science 328, 337 (2010).
[16] L. Jia, I. Bita, and E. L. Thomas, Adv. Funct. Mater. 22, 1150
(2012); L. Jia, and E. L. Thomas, Phys. Rev. A84, 033810
(2011); L. Jia, I. Bita, and E. L. Thomas Phys. Rev. A84,
023831 (2011).
[17] P. Li, Y. Liu, Y. Meng, and M. Zhu, J. Phys. D: Appl. Phys. 43,
175404 (2010); P. Li, Youwen Liu, Y. Meng, and M. Zhu, J.
Phys. D: Appl. Phys. 43, 485401 (2010).
[18] N. A. Zharova, I. V. Shadrivov, A. A. Zharov, and Y. S. Kivshar,
Opt. Express 20, 14954 (2012).
[19] F. G. Vasquez, G. W. Milton, and D. Onofrei, Phys. Rev. Lett.
103, 073901 (2009); F. G. Vasquez, G. W. Milton, and D.
Onofrei, Opt. Express 17, 14800 (2009).
[20] F. Monticone, C. Argyropoulos, and A. Alu`, Phys. Rev.
Lett.110, 113901 (2013).
5[21] P. Y. Chen, and A. Alu`, ACS Nano 5, 5855 (2011).
[22] F. T. Chuang, P. Y. Chen, T. C. Cheng, C. H. Chien, and B. J.
Li, Nanotechnology 18, 395702 (2007).
[23] C. F. Bohren, D. R. Huffman, Absorption and Scattering of
Light by Small Particles, John Wiley and sons, Inc. (1983).
[24] T. K. Xia, P. M. Hui and D. Stroud, J. App. Phys. 67, 2736
(1990).
[25] F. W. King, Hilbert Transforms, Vol. 2, pag. 313-316, Cam-
bridge University Press (2009).
[26] I. Crasee, M. Orlita, M. Potemnski, A. L. Walter, M. Ostler, Th.
Seyller, I. Gaponenko, J. Chen, and A. B. Kuzmenko, Nano.
Lett. 17, 2470 (2012).
[27] I. Crassee, J. Levallois, A. L. Walter, M. Ostler, A. Bostwick, E.
Rotenberg, Th. Seyller, D. van der Marel, and A. B. Kuzmenko,
Nat. Phys. 7 48 (2011).
[28] N. P. Barnes and L. B. Petway, J. Opt. Soc. Am. B 9, 1912
(1992).
[29] O. Reynet, A.-L. Adenot, S. Deprot, O. Acher, and M. Latrach,
Phys. Rev. B 66, 094412 (2002).
[30] S. Mu¨hlig, M. Farhat, C. Rockstuhl, and F. Lederer, Phys. Rev.
B 83, 195116 (2011).
[31] A. Kirilyuk, A. V. Kimel, and T. Rasing, Rev. Mod. Phys. 82,
2761 (2010).
